The importance of the central nervous system in endurance exercise has not yet been exhaustively investigated because of difficulties in measuring cortical parameters in sport science. During exercise there are a lot of artifacts and perturbations which can affect signal quality of cortical brain activity. The technical developments of surface electroencephalography (EEG) minimize such influences during standardized test conditions on a bicycle ergometer. The aim of this study was to investigate how movement frequency affects cortical brain activity and established physiological parameters during exercise. In cycling peak performance is affected by cadence. The analysis of brain cortical activity might lead to new insights in the relation of power and cadence. In a laboratory study sixteen male, endurance-trained cyclists completed a 60 min endurance exercise on a high-performance bicycle ergometer. Cadence was changed every 10 min (90-120-60-120-60-90 rpm). EEG was used to analyze changes in cortical brain activity. Furthermore, heart rate, blood lactate and rate of perceived exertion (RPE) were measured after each cadence change. The results indicate that heart rate, blood lactate and RPE were higher at 120 rpm compared to 60 rpm. The spectral EEG power increased statistically significantly in the alpha-2 and beta-2 frequency range by changing cadence from 60 to 120 rpm. By lowering the cadence from 120 to 60 rpm the spectral power dropped statistically significantly in all analyzed EEG frequency bands. The data also showed a statistically significant decrease of spectral EEG power in all frequency ranges over time. In conclusion, the analyzed EEG data indicate that cadence should be considered as an independent exercise normative in the training process, because it directly influences metabolic, cardiac and cortical parameters.
INTRODUCTION
Training loads cause complex reactions and stress different functional systems. Exercise-induced adaptations of the organism in the various organs and regulatory systems are already known, particularly of the cardiovascular and respiratory system as well as the energy metabolism. However, changes in brain activity during exercise have not been investigated sufficiently. This is due to difficulties in recording cortical brain activity during exercise. Recent studies indicate that technical developments of surface electroencephalography (EEG) led to new opportunities to examine brain activity during exercise [1] [2] [3] . These studies prove that artifact-free EEG signals can be recorded in motion under standardized conditions on a bicycle ergometer. In particular, the authors state that the influence of isolated exercise normatives on cortical brain activity has to be examined in future studies.
It has already been recognized that complexity and load of the training protocol are limited within training process, especially in cycling [4] . One of the largest reserves of training methodology is training based on stimulus change *Address correspondence to this author at the Department of Sport Science, Martin-Luther-University Halle-Wittenberg, Von-Seckendorff-Platz 2, 06120 Halle (Saale), Germany; Tel: +49 (0) 345 55 244 29; Fax: +49 (0) 345 55 270 54; E-mail: thomas.gronwald@sport.uni-halle. de and variability. Therefore, training at different cadences seems to be important to set new stimuli for the same power output in trained cyclists. For higher exercise economy, road cyclists should choose a low cadence of 60 rpm [5] [6] [7] . However, in practice cyclists perform best at high (90 rpm) to very high (110 rpm) cadences [8] . Therefore, the best uphill performance is achieved with a higher cadence [9] . In track cycling an extremely high cadence enables the athlete to perform at his best [10] , too. Despite the negative effects on the movement economy, a high cadence is necessary for a high power output in competitive sports. In this context, the analysis of brain cortical activity might lead to new insights in the relation of power and cadence.
On the one hand cardiorespiratory and metabolic responses to varying movement frequencies were adequately investigated [11] [12] [13] , but on the other hand the effect of different cadences on the central nervous system has not been studied so far during exercise. Therefore, the purpose of this study was to examine the influence of different cycling cadences on cortical brain activity, heart rate, blood lactate and perception of effort.
METHODS

Subjects
Sixteen endurance-trained male cyclists were recruited from local cycling clubs (age: 25.9 ± 3.8 years; height: 180.7 ± 6.1 cm; body mass: 77.4 ± 8.2 kg; body fat: 12.3 ± 3.4 %). Subjects had to be active cyclists with 10 to 12 h regular training or 350 to 450 km per week, non-smokers and righthanded. To check the dominant handedness, the translated version of the Edinburgh Handeness Inventory by Oldfield [14] was applied. Subjects were fully informed about the study design, possible risks and benefits. They all signed an informed consent form to participate in the study. A medical check-up was performed following the guidelines of the German Society for Sports Medicine and Prevention -DGSP [15] . Exclusion criteria were any cardiovascular, metabolic, neurological, pulmonary or orthopedic complications that could limit the performance of the exercise. It was made clear to the subjects that they were free to terminate the study at any time. The study was approved by the ethics committee of the medical faculty of the Martin-Luther-University Halle-Wittenberg.
Test Protocol and Physiological Values
Prior to testing, body mass and body fat were measured using a bio impedance device (Tanita, model BC-545 InnerScan, Germany). One week later subjects performed a 60 min exercise test with varying cadences at a power of 90 % of anaerobic lactate threshold. During the exercise test, the subjects took an individual driving and seat position. Subjects were instructed to hold their torso and head as steady as possible during pedaling. There was a standardized warm up (10 min at 100 W, 5 min at 150 W) prior to the test and a cool down (10 min at 100 W) afterwards. During the exercise pedal frequency was changed (90-120-60-120-60-90 rpm) every 10 min. Heart rate values were measured and recorded in 5-s intervals with Polar S810i and Polar Wearlink Coded (Polar Electro GmbH, Germany) and the rate of perceived exertion (RPE) was assessed using the BORG-scale [17] . Blood lactate was measured as described in the stage test. Heart rate, blood lactate and RPE were assessed at rest, after warm up, before every cadence change and after cool down.
EEG Recordings and Analysis
For continuous recording of brain cortical activity electroencephalography (QuickAmp-EEG-system 72-channel, Brain Products, Germany) was used. The changes in brain wave signals were recorded with 32 active surface electrodes (Brain Products, actiCAP, Germany; Fp1, Fp2, F7, F3, Fz, F4, F8, FC5, FC1, FC2, FC8, T7, C3, Cz, C4, T8, TP9, CP5, CP1, CP2, CP6, TP10, P7, P3, Pz, P4, P8, PO9, O1, Oz, O2, PO10) fixed in an flexible EEG cap (EasyCAP, Germany), aligned to the international 10:20 system [18] . The cap was suitable for various head sizes, breathable to prevent heat accumulation and fixed with a chin strap. Data were measured continuously with open eyes. The active Ag/AgCl electrodes used in the system have implemented active circuitry (actiShield) that stabilize the signal and allow recordings of high contact resistance up to 60 kΩ. Consequently, this active shielding technology and the high input impedance of the amplifier made it possible to suppress artifacts due to external electrical influences as well as cable movement. This also led to an optimal signal-noise ratio. The subject's head was equipped with the cap and electrodes were filled with a high viscous electrolyte gel (SUPER-VISC, EasyCAP, Germany) to receive an optimal connection to the scalp (impedances: < 20 kΩ) 40 min before the investigation. The electrode impedances were controlled with the actiCAP Software 1.2 (Brain Products, Germany) and the signal was recorded with Brain Vision Recorder 1.03 (Brain Products, Germany) software. Data were sampled at 500 Hz. To avoid perspiration artifacts with cross connection between electrodes a ventilator was used to cool the breathable EEG cap.
The Brain Vision Analyzer 2.0 (Brain Products, Germany) software was used for off-line processing of spontaneous EEG raw data. EEG data were analyzed at rest, after warm up, before every cadence change, after cool down and at rest following the exercise. After editing the markers, data were filtered (high-pass: 1.5 Hz, slope: 12 dB . octave -1 ; low-pass: 40 Hz, Slope: 48 dB . octave -1 ) to remove movement and muscle artifacts, which were expected at 0.5-1.5 Hz and > 40 Hz [19] . Artifacts up to theta-frequencies (4.5 Hz) and down to beta-2-frequencies (32 Hz) were excluded by the use of frequency-analysis. Afterwards, a manual raw data inspection was carried out to highlight visually identified artifacts. Independent Component Analysis (ICA) was subsequently calculated to remove artifacts from the signal [20] . This off-line control made sure that only artifact-free EEG segments were included into the analysis. Based on the edited markers, signals were segmented into 4s-data-sets with a corrected baseline [21] in the last minute of each measuring time point. Of every subject and measurement time point five artifact-free segments were analyzed and averaged using a Fast-FourierTransformation (maximum resolution, power in µV 2 , use of full spectrum, Hanning window, window length: 20 %). The received frequency spectrum was divided into five frequency bands (theta: 4.5-7.5 Hz, alpha-1: 7.5-10 Hz, alpha-2: 10-12.5 Hz, beta-1: 12.5-18 Hz, beta-2: 18-32 Hz) and described by the absolute spectral power [µV 2 ]. For further processing, the values were exported to Microsoft Excel 2007. The analysis was performed for all 32 electrodes per frequency range and measurement time point. The absolute values of spectral power were calculated as percentage change from the individual rest condition (100 %) to exclude the influence of different EEG basic types [2] . Data from TP9, PO9, O1, Oz, O2, PO10 and TP10 were completely excluded because of muscle artifacts in the neck area.
Statistical Analysis
All data were analyzed with the software SPSS Statistics 17.0. To evaluate whether or not the data were normally distributed the Kolmogorov-Smirnov test was applied. In case of normal distribution, differences between measurement time points were calculated (spectral EEG power [%], heart rate [min -1 ], blood lactate [mmol . l -1 ]) using ANOVA for repeated measures and student's t-test for paired samples. For ordinal data (RPE) the Wilcoxon test was used. The different levels of statistical significance were set at p ≤ 0.05 (*) and p ≤ 0.01 (**). The values heart rate and blood lactate increased statistically significantly (p ≤ 0.01) during the warm up period and at the beginning of the exercise test compared to the rest condition. The rate of perceived exertion increased statistically significantly (p ≤ 0.01) at the beginning of the exercise test compared to the warm up period. At 120 rpm heart rate, blood lactate and RPE were significantly higher (p ≤ 0.01) than at a cadence of 60 rpm. All physiological values decreased statistically significantly (p ≤ 0.01) during the cool down period, see Table 1 .
RESULTS
Subjects
The spectral EEG power increased statistically significantly (p ≤ 0.01) in all analyzed frequency ranges from rest condition to the warm up (theta: +251 %, alpha-1: +182 %, alpha-2: +149 %; beta-1: +131 %, beta-2: +157 %). During exercise the spectral EEG power was in almost all frequency ranges significantly higher at 120 rpm compared to 60 rpm. The cadence changes are reflected in the EEG spectral power, see Table 2 , Fig. (1) and Fig. (2) . By comparing the measurement time points under identical conditions at the beginning and the end of the constant workload and 90 rpm cadence, a statistically significant decrease in EEG power was measured in the theta, alpha-2, beta-1, beta-2 (p ≤ 0.01) and in the alpha-1 (p ≤ 0.05) frequency range (theta: -176 %, alpha-1: -156 %, alpha-2: -119 %, beta-1: -77 %, beta-2: -79 %). The cortical activity at rest decreased statistically significantly (p ≤ 0.01) in all frequency ranges from the initial level before exercise to the resting state after exercise (theta: -63 %, alpha-1: -59 %, alpha-2: -59 %, beta-1: -62 %, beta-2: -64 %).
DISCUSSION
At the same power output the heart rate increased at a higher cadence (120 rpm). These findings are consistent with those of other studies [11, 12, 22, 23] . Despite decreasing pedal forces the need to stabilize the upper body and the trunk area more at higher frequencies results in increased cardiac stress [24] . Consequently, the recruitment of additional muscle fibres from the peripheral body, increased inter-muscular coordination and a higher cardiovascular stress is necessary to maintain higher cadences [25, 26] . Kromer et al. [25] also found an increased heart rate at a higher crank rate in hand cycling.
Blood lactate increased at a high cadence (120 rpm) and decreased at a low cadence (60 rpm). These results confirm the influence of the cadence on the energy supply, which Fig. (1) . Percentage change in spectral power calculated over 32 electrodes compared to the rest condition (100 %) and averaged over the entire EEG frequency range (4.5-32 Hz) and all subjects. Fig. (2) . Mapping of all EEG frequency ranges; higher values of the spectral power (red) by increasing cadence to 120 rpm and lowering of the spectral power (green) after lowering the cadence to 60 rpm. Lower spectral EEG power at the end of the constant workload (90 rpm) compared to the beginning (90 rpm).
was also found in previous studies [11] [12] [13] 27] . Furthermore, it is already known that blood lactate increases with higher cadences and work load [28, 29] . Given a constant work load, the blood lactate increases more at intensities higher than 200 watts and cadences from 100 to 120 rpm [12, 13, 26] . The change in blood lactate at different cadences is mainly due to the activation and recruitment of different muscle fibre types [30, 31] . These facts depend on the activation of fast-twitch muscle fibres in the exercise program [32] . Due to a higher heart rate with increasing cadence, some authors also state that a stronger and more efficient blood flow is elicited in stressed muscles, which causes an increased washout of lactate in the blood [11, 23, 25] .
The increased perception of effort at a higher cadence is related with the increase in heart rate and blood lactate concentration. Consequently, the increased cardiac and metabolic stress results in a higher perception of effort [22, 23, 33, 34] . Furthermore, Bailey et al. [35] confirmed a correlation between perception of effort and EEG spectral power. The most significant relation was found between RPE and changes in delta frequency range.
The main purpose of the present study was to characterize brain cortical activity at different cadences. The spectral EEG power in all frequency ranges depended on the cadence while the workload was held constant. Brümmer et al. [36] indicate a relation between central activation, exercise mode and intensity. However, the influence of different cycling cadences on brain cortical activity has not been investigated before. The characteristics described previously could be due to the increased psychophysiological stress at 120 rpm.
During and immediately after the warm up the highest increase in EEG power was found. These findings confirm the results of Brümmer et al. [21] , who recorded EEG during an incremental exercise test on a bicycle ergometer. This can be interpreted as acute demand on the whole organism and the central nervous regulatory mechanisms. High cortical activation is necessary to provide high performance and power output in sports. The statistically significant decrease of cortical brain activity in all frequency ranges over time may indicate fatigue. Baumeister et al. [37] also showed a decrease in cortical brain activation after a prolonged exhaustive exercise protocol in theta and alpha frequencies. Reinecke et al. [38] demonstrated this tendency in the beta frequency range under similar conditions. In this context gained data can be interpreted in terms of the central governor model of Noakes [39] . This model postulated a central nervous system regulatory mechanism, which controls physical activity according to all inputs and outputs of the human organism to protect the homeostasis. This control mechanism does not restrict to the function of the heart or skeletal muscle, but it regulates the power output by controlling the number of recruited muscle fibres or motor units involved in the working muscles [39] . Therefore, all sensory information from the body periphery is processed to regulate the degree of activation. The cortical brain activation decreases with the onset of fatigue because of the reduced activation impulses to the working muscles. As already hypothesized by Beyer and Schumann [40] , the curve of the cortical brain activity over time resembled and resulted in an inverted U-shape.
LIMITATIONS
As EEG was recorded during exercise physiological and mechanical parameters might have affected the electronical signal. The methodological approach, which was in line with previous investigators [2] , was designed to reduce the potential impact of these factors. Subjects were instructed to hold their torso and head as steady as possible during pedaling. Additionally, recordings from occipital and temporal regions (TP9, PO9, O1, Oz, O2, PO10, TP10) were excluded from the analysis because of muscle artifacts. The electronical signals from all remaining electrodes were averaged for every frequency range and measurement time. The interpretation of data was limited, because investigators could not pay attention to regional differences and the source of the signal. Furthermore, it remains unclear to which extent peripheral physiology accounted for changes in EEG signal.
CONCLUSION
The results of the present study indicate that cortical brain activation can be measured during cycling exercise under laboratory conditions. EEG recordings at different cadences but identical workload showed that higher pedal frequencies are associated with an increase in brain cortical activity, heart rate, blood lactate and RPE. The U-shaped curve of EEG spectral power over time suggests that central activation decreases with the onset of fatigue. Consequently, maintaining a high level of brain cortical activation might be necessary to delay fatigue and improve racing performance.
Training at different cadences seems to be the key to respond variably to different requirements during a race (e.g. short burst or final sprint). The complexity and repertoire of suitable control programs in the central nervous system could be extended with specific cadence training. To increase the power output at higher cadences, higher cortical brain activation is necessary. Increased cortical brain activation at higher pedal frequencies could possibly be maintained longer by performing a systematic training at different cadences. Coaches and athletes should therefore include variable systematic training sessions at low cadences and high cadences to improve performance in training and competition. Future studies should focus on evaluating specific training programs that potentially increase central activation during exercise.
